Administration of PEITC (3 µmol/g diet) decreased incidence (PEITC diet vs control diet, mean = 21.65 vs 57.58%, difference = 235.93%, 95% confidence interval = 245.48% to 213.10%, P = .04) as well as burden (affected area) (PEITC diet vs control diet, mean = 18.53% vs 45.01%, difference = 226.48%, 95% confidence interval = 249.78% to 23.19%, P = .02) of poorly differentiated tumors in the dorsolateral prostate of transgenic mice compared with control mice, with no toxic effects. PEITC-mediated inhibition of prostate carcinogenesis was associated with induction of autophagy and overexpression of E-cadherin in the dorsolateral prostate. However, PEITC treatment was not associated with a decrease in cellular proliferation, apoptosis induction, or inhibition of neoangiogenesis. Plasma proteomics revealed distinct changes in the expression of several proteins (eg, suppression of clusterin protein) in the PEITC-treated mice compared with control mice.
Despite improvements in screening efforts and the continuous evolution of targeted therapies, prostate cancer continues to be a leading cause of cancer-related deaths in American men (1) . Because many of the risk factors associated with prostate carcinogenesis (eg, age and genetic predisposition) are not easily adjustable, novel strategies for prevention of this disease are necessary to reduce morbidity and mortality.
The active constitutive agents in natural products are frequently investigated for their potential cancer preventative and therapeutic properties (2) (3) (4) (5) (6) . Epidemiological studies support an inverse association between the intake of certain fruits and vegetables, including cruciferous vegetables, and the risk of many cancers, including cancer of the prostate (7) (8) (9) (10) . The anticarcinogenic effects of cruciferous vegetables have been attributed to chemicals with an isothiocyanate (-N=C=S) functional group (11, 12) . Isothiocyanates are generated through myrosinase-mediated hydrolysis of corresponding glucosinolates (11, 12) . Phenethyl isothiocyanate (PEITC) has demonstrated chemopreventative efficacy in vivo in chemically induced cancer and a favorable safety profile in preclinical animal models (13) (14) (15) (16) (17) (18) .
Recent studies, including those from our laboratory, have revealed that PEITC suppresses the growth of cancer cells both in vitro and in vivo (19) (20) (21) (22) (23) (24) . The mechanisms behind the anticancer effects of PEITC are not fully understood. However, several cellular responses to this potential cancer chemopreventative agent have been previously described (19) (20) (21) (22) (23) (24) (25) (26) , including apoptosis mediated by both c-Jun amino terminal kinase and extracellular signal-regulated kinase (19, 20) , G 2 /M phase cell cycle arrest 
Background
This study was undertaken to determine the chemopreventative efficacy of phenethyl isothiocyanate (PEITC), a bioactive constituent of many edible cruciferous vegetables, in a mouse model of prostate cancer, and to identify potential biomarker(s) associated with PEITC response.
Methods
The chemopreventative activity of dietary PEITC was investigated in Transgenic Adenocarcinoma of Mouse Prostate mice that were fed a control diet or one containing 3 µmol PEITC/g (n = 21 mice per group) for 19 weeks. Dorsolateral prostate tissue sections were stained with hematoxylin and eosin for histopathologic evaluations and subjected to immunohistochemistry for analysis of cell proliferation (Ki-67 expression), autophagy (p62 and LC3 protein expression), and E-cadherin expression. Autophagosomes were visualized by transmission electron microscopy. Apoptotic bodies were detected by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling. Plasma proteomics was performed by two-dimensional gel electrophoresis followed by mass spectrometry to identify potential biomarkers of PEITC activity. All statistical tests were two-sided. (21) , suppression of nuclear factor-kB-regulated gene expression (22) , and Atg5-mediated autophagy (25) . We have also previously shown that PEITC treatment by oral gavage of male athymic mice carrying subcutaneously implanted PC-3 human prostate tumors resulted in inhibition of tumor growth (24) . Furthermore, PEITC treatment inhibits angiogenesis (capillarylike tube structure formation) and migration of human umbilical vein endothelial cells and PC-3 prostate cancer cell migration in vitro by suppressing the activity of the Akt serine threonine kinase (27) . The PEITC-mediated inhibition of angiogenesis is also evident in an ex vivo model with a chicken egg chorioallantoic assay (27) .
Although cellular studies constitute an important step in the development of chemopreventative drugs by providing mechanistic insights, demonstrating preventative efficacy in animal models and validating cellular observations in vivo are necessary for the rational design of clinical trials to investigate potential cancer protective agents. The goals of our study were to determine if dietary administration of PEITC is protective against prostate cancer development in a transgenic mouse model (Transgenic Adenocarcinoma of Mouse Prostate [TRAMP] ), elucidate the anti cancer mechanisms of PEITC in vivo, and identify biomarker(s) with predictive value for PEITC response for use in future clinical applications as biological surrogates.
Materials and Methods
Reagents PEITC (~98% purity), benzyl isothiocyanate (~98% purity), diallyl trisulfide (~98% purity), and d,l-sulforaphane (~98% purity) were purchased from LKT Laboratories (St Paul, MN). Allyl isothiocyanate (95% purity) and reagent grade gluconasturtiin were obtained from Sigma-Aldrich (St Louis, MO) and Chromadex (Irvine, CA), respectively. AIN-76A (control) diet and PEITCsupplemented AIN-76A diet (referred to as PEITC-supplemented diet) were custom prepared by Harlan-Teklad (Indianapolis, IN). Mouse monoclonal anti-T antigen antibody (PAb101, 1:200 dilution) was from BD Pharmingen (San Diego, CA). Polyclonal goat anti-CD31 (also known as platelet/endothelial cell adhesion molecule 1; M-20, 1:750 dilution), polyclonal goat anti-clusterin (C-18, 1:200 dilution), polyclonal rabbit anti-microtubule-associated protein 1 light chain 3 (LC3; H-50, 1:100 dilution), and mouse monoclonal anti-p62 (D-3, 1:75 dilution) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse monoclonal anti-E-cadherin antibody (36/E-cadherin, 1:2000 dilution) was purchased from BD Transduction Laboratories (San Diego, CA). Rat monoclonal anti-Ki-67 antibody (TEC-3, 1:50 dilution) was purchased from DakoCytomation (Carpinteria, CA). Cell culture reagents including media, serum, and antibiotics were purchased from Invitrogen-Life Technologies (Carlsbad, CA).
Mouse Models and PEITC Treatments
Six-to eight-week-old female TRAMP mice in C57BL/6 background and male FVB mice were purchased from Jackson Laboratories (Bar Harbor, ME). Use of mice and their care for the study were in accordance with the University of Pittsburgh Institutional Animal Care and Use Committee guidelines. Mice in this study were maintained in a climate controlled environment with a 12-hour light/12-hour dark cycle and both food and water were available ad libitum.
The TRAMP model was selected for these studies because of the following: 1) a well-defined course of disease progression with resemblance to human prostate cancer development from prostatic intraepithelial neoplasia (PIN) to well-differentiated (WD) and poorly differentiated (PD) carcinoma and distant site metastasis (28, 29) , 2) studies can be completed in 6-7 months (28-31), and 3) the TRAMP model has been used successfully to test the chemopreventative efficacy of several natural agents (30, 31) . Male transgenic [C57BL/6 X FVB] F1 TRAMP mice and age-matched wild-type (nontransgenic) littermates were obtained by crossing TRAMP females in the C57BL/6 background with male FVB mice. Transgene verification was performed as described by Greenberg et al. (28) .
In the first experiment, 5-week-old wild-type male C57BL/6 mice were given either a control diet (n = 6) or a diet supplemented with 3 µmol PEITC/g (n = 6). In the second experiment, 5-weekold male TRAMP mice were randomized into the following groups: TRAMP-control diet (n = 25), TRAMP-1.5 µmol PEITC/g diet (n = 20), and TRAMP-3 µmol PEITC/g diet
CONT E X T A N D C A V E A T S

Prior knowledge
Prior studies have shown that phenethyl isothiocyanate (PEITC), a bioactive constituent of many edible cruciferous vegetables, has antitumor effects in human cancer cells in vitro and in vivo. However, the exact mechanisms of PEITC treatment in vivo are not fully understood.
Study design
Transgenic Adenocarcinoma of Mouse Prostate mice were fed a control diet or a diet supplemented with PEITC. Toxicity as well as tumor incidence and burden were measured. Potential plasma biomarkers of PEITC treatment were also investigated.
Contribution
No toxic effects were observed in mice fed a PEITC diet. Tumor incidence and burden in prostates were statistically significantly reduced in PEITC-treated mice compared to mice fed the control diet and were associated with increased markers of autophagy and migration. Also, clusterin was identified as a potential plasma biomarker of PEITC-induced chemopreventative activity.
Implications
PEITC is a potential chemopreventative agent for prostate cancer. Clusterin levels in patient plasma may be associated with PEITC activity and its function as a potential biomarker should be investigated in future studies.
Limitations
Previous reports of decreased proliferation and angiogenesis, and increased apoptosis in human cell lines was not confirmed. Furthermore, it is unknown if dietary administration of PEITC would be adequate in humans or if pharmacological PEITC would be necessary to achieve chemopreventative activity.
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(n = 25). Four mice from the TRAMP-control diet group, one mouse from the TRAMP-1.5 µmol PEITC/g diet group, and four mice from the TRAMP-3 µmol PEITC/g diet group were removed from the study because of premature development of large tumors in the prostate or other organs (eg, kidney) or because of death caused by a congenital defect. Body weights and diet consumptions were recorded once each week in both experiments. Sample size for the first experiment (wild-type nontransgenic littermates) was not made on the basis of a power calculation because the primary objective of this study was to determine the safety and bioavailability of PEITC. The power of the chemopreventative efficacy experiment was 80% if the difference in histological burden between PEITC arms was 27% or greater.
After 19 weeks of feeding, plasma was collected for further analysis and the mice were killed by CO 2 inhalation followed by cervical dislocation. Wet weights of all vital organs, the urogenital tract, and the prostate were recorded. Dorsolateral prostate tissues from TRAMP mice receiving the control diet (n = 2) or the PEITC-supplemented diet (3 µmol PEITC/g, n = 3) were used for electron microscopy and thus were not available for histopathologic evaluation. Dorsolateral prostate tissues from the mice fed control and PEITC-supplemented diets were placed in 10% neutral buffered formalin and paraffin embedded. Tissues were sectioned at 4-5 µm thickness for hematoxylin and eosin (H&E) staining, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay, and immunohistochemical analysis of T antigen, Ki-67, CD31, p62, LC3, and E-cadherin.
Pathological Evaluation of Prostate Tissues
H&E-stained sections of the dorsolateral prostate from wild-type (nontransgenic littermates) and TRAMP mice treated as described above were blindly examined by two observers. Ten randomly selected, non-overlapping, non-necrotic fields were used to evaluate the incidence and burden (affected area) of prostate cancer pathologies. Pathological grading was consistent with the criteria defined by previous studies (28) (29) (30) (31) . Briefly, normal prostate was characterized by open ducts lined with epithelial cells surrounded by a thin sheet of smooth muscle cells. PIN was characterized by the piling up of the epithelial cells, changes in the nuclear to cytoplasmic ratio, elongation of the nucleus, and epithelial stratification and formation of cribriform structures (high-grade PIN). WD exhibited clear invasion of the epithelial cells into the stroma, whereas PD was characterized by sheets of anaplastic cells with little or no glandular structures.
Determination of PEITC Levels in Plasma and Prostate
PEITC concentrations in the plasma and prostates of wild-type (nontransgenic) mice fed a control diet (n = 3) or a diet supplemented with 3 µmol PEITC/g (n = 3) were determined according to the method described for rat plasma (32) with some modifications. Our assay extends the range to 6-10 000 nM, reduces the sample volume to 0.2 mL, simplifies the extraction procedure, and reduces derivatization time. Briefly, 5 µL of 2 µg/mL [D 5 ]-PEITC (internal standard purchased from C/D/N ISOTOPES INC, Quebec, Canada) was added to 0.2 mL plasma or added to 0.2 mL 1:4 (wt/vol) tissue homogenate in phosphate-buffered saline (PBS) (1.5 mM potassium phosphate, 15.2 mM sodium phosphate dibasic, 137 mM sodium chloride, and 2.7 mM potassium chloride, at pH 7.4) and extracted with 0.8 mL hexane. Hexane was decanted and PEITC was derivatized with 1 mL of 2 M ammonia in isopropanol at 50°C for 1 hour. Dried residues were reconstituted in 50 µL of mobile phase, and an aliquot (25 µL) was subjected to high performance liquid chromatography consisting of an Agilent 1100 autosampler, a binary pump, and a Phenomenex Synergi-Hydro RP (4 µm, 100 × 2 mm) column (Phenomenex, Torrance, CA). The mobile phase consisted of acetonitrile/water (50:50 vol/vol) with 0.1% formic acid at 0.2 mL/min. Analytes were detected with a Quattromicro quadruple mass spectrometer (Waters, Milford, MA) with electrospray ionization in positive-ion mode, monitoring m/z 181.2-105.0 for PEITC, and m/z 186.2-110.0 for [D 5 ]-PEITC. PEITC was eluted at a retention time of 2.4 minutes. PEITC was quantified by calculating the PEITC:internal standard ratio and back-calculating unknown samples with a concomitantly analyzed standard curve in control plasma or prostate homogenate. Standard curves were linear over the range of 6-10 000 nM and displayed acceptable performance (accuracy of at least 14 of 16 calibrators was within 15% of the nominal concentrations; and more than four of six plasma quality controls at 18, 200, and 8000 nM were within 15% of the nominal concentrations).
Immunohistochemistry
Immunohistochemistry was performed as previously described (30, 31) . Briefly, dorsolateral prostate sections were quenched with 3% hydrogen peroxide and blocked with normal serum. The sections were then probed with the desired primary antibody (antiKi-67, anti-T antigen, anti-p62, anti-LC3, anti-CD31, or anti-E-cadherin), washed with Tris-buffered saline (25 mM Tris containing 150 mM NaCl and 2 mM KCl, at pH 7.4), and incubated with an appropriate secondary antibody. The characteristic brown color was developed by incubation with 3,3′-diaminobenzidine. The sections were counterstained with Meyers Hematoxylin (Sigma-Aldrich) and examined under a Leica microscope (Leica Microsystems, Bannockburn, IL). The images were captured and analyzed with Image ProPlus 5.0 software (Media Cybernetics, Bethesda, MD) as previously described (30, 31) . At least five nonoverlapping, non-necrotic images were captured from dorsolateral prostate sections from mice fed control diet and PEITCsupplemented diet and analyzed with the Red-Green-Blue color histogram tool from Image ProPlus 5.0 software. The pixel intensity for brown color from the 3,3′-diaminobenzidine stain was determined for tabulation of percent area. Because of variation in pixel intensity for different immunohistochemical stains, a universal cutoff was not feasible.
TUNEL Assay
Dorsolateral prostate sections from the TRAMP mice on control diet (n = 19) or 3 µmol PEITC/g diet (n = 18) were deparaffinized, rehydrated, and then used to visualize apoptotic bodies. TUNEL staining was performed with the In Situ Apoptosis Detection kit from Millipore-Chemicon International (Temecula, CA) according to the manufacturer's instructions. Four to five random, nonoverlapping, non-necrotic fields were imaged and analyzed from each section. The TUNEL-positive apoptotic bodies were quantified by the use of Image ProPlus 5.0 software.
Transmission Electron Microscopy
Dorsolateral prostate tissues from TRAMP mice fed the control diet and the 3 µmol PEITC/g diet were immersion fixed in 2.5% electron microscopy grade glutaraldehyde in PBS overnight at 4°C. Fixed samples were washed three times in PBS, and then post-fixed in 1% aqueous osmium tetroxide containing 0.1% potassium ferricyanide for 1 hour. Following three PBS washes, samples were dehydrated through a graded series of 30%-100% ethanol. Propylene oxide (100%) was then infiltrated in a 1:1 mixture of propylene oxide and Polybed 812 epoxy resin (Epon) (Polysciences, Warrington, PA) for 1 hour. After several changes of 100% resin over 24 hours, samples were embedded in molds, cured at 37°C overnight, followed by additional hardening at 65°C for 2 days. Ultrathin (60 nm) sections were collected on 200 mesh copper grids, stained with 2% uranyl acetate in 50% methanol for 10 minutes, then stained in 1% lead citrate for 7 minutes. Sections were imaged by the use of a JEOL JEM 1011 transmission electron microscope (Peabody, MA) at 80 kV fitted with a side-mount AMT 2k digital camera (Advanced Microscopy Techniques, Danvers, MA).
Plasma Proteomics by the Use of Two-Dimensional Gel Electrophoresis and Mass Spectrometry
Proteomic analyses of plasma samples collected from the TRAMP mice fed the control diet (n = 3) and the 3 µmol PEITC/g diet (n = 3), matched by prostate weights, were conducted by two-dimensional gel electrophoresis followed by mass spectrometry (Applied Biomics, Hayward, CA). Briefly, the samples were thawed, vortexed for 20 seconds, and then subjected to centrifugation at 12 000g for 30 minutes at 4°C. The supernatant fraction (1 µL) was mixed with 5 µL of lysis buffer (7 mM urea, 2 mM thiourea, 4% CHAPS, and 30 mM Tris-HCl, at pH 8.5) before labeling with 1 µL of diluted CyDye (1:5 dilution) (GE Healthcare, Piscataway, NJ). Samples were vortexed and incubated on ice in the dark for 30 minutes, after which 1 µL of 10 mM lysine was added. Samples were vortexed, and incubated in the dark on ice for another 15 minutes. The Cy2-, Cy3-, and Cy5-labeled samples were then mixed with sample buffer (8 M urea, 4% CHAPS, 20 mg/mL dithiothreitol, 2% pharmalytes, and trace amount of bromophenol blue) and subjected to rehydration to 250 µL for the 13-cm IPG strip. The protocol provided by GE Healthcare (previously Amersham Biosciences) was followed, and the isoelectric focusing was performed in the dark at 20°C. Images were scanned immediately following sodium dodecyl sulfate-polyacrylamide gel electrophoresis with the use of Typhoon TRIO (GE Healthcare) following the protocols provided by the manufacturer. The scanned images were analyzed by Image Quant software (version 5.0, GE Healthcare) and subjected to in-gel analysis and cross-gel analysis with the use of DeCyder software (version 6.0, GE Healthcare). Results are expressed as a ratio of abundance of a desired protein in the 3 µmol PEITC/g diet group compared with the control diet group.
Selected spots were identified by Ettan Spot Picker (GE Healthcare) following the DeCyder software analysis and spot picking criteria selection. The selected protein spots were subjected to in-gel trypsin digestion, peptide extraction, and desalting followed by MALDI-TOF/TOF (Applied Biosystems, Carlsbad, CA) to identify the isolated protein.
Changes in clusterin levels were verified with the use of plasma samples from seven TRAMP mice that were fed the control diet and eight mice that were fed the 3 µmol PEITC/g diet (three original samples used for proteomics analysis were also analyzed for changes in clusterin levels) with the use of a rat clusterin ELISA kit, according to the manufacturer's protocol (Life Diagnostics, West Chester, PA).
Cell Line and Treatments
TRAMP-C1 cells (a generous gift from Dr Barbara Foster, University of Pittsburgh, Pittsburgh, PA; currently at the Roswell Park Cancer Institute, Buffalo, NY) were cultured in Dulbecco's modified essential medium supplemented with 10% heat-inactivated fetal bovine serum, 1 × 10 28 mM 5a-androstan-17b-ol-3-one, and antibiotics. The TRAMP-C1 cell line was established by Foster et al. (33) from the tumor of a 32-week-old TRAMP mouse. This cell line expresses cytokeratin, E-cadherin, and the androgen receptor and is tumorigenic when implanted in syngeneic C57BL/6 mice (33). Expression of the T antigen is not detectable in TRAMP-C1 cells in vitro or in vivo (33) . Cell line authentication was done by Research Animal Diagnostic Laboratory (University of Missouri, Columbia, MO). TRAMP-C1 cells were positive for mouse genomic DNA, but no mammalian interspecies contamination was detected. A genetic profile was generated by the use of a panel of microsatellite markers for genotyping. TRAMP-C1 cells were last tested in August 2010.
Western Blotting for Clusterin Protein Expression
Western blotting for clusterin protein expression in conditioned media and lysates of TRAMP-C1 cells after 24 hours of treatment with dimethyl sulfoxide (DMSO) (control) or PEITC, d,lsulforaphane, allyl isothiocyanate, benzyl isothiocyanate, diallyl trisulfide, or gluconasturtiin was performed essentially as described previously (34) . Briefly, TRAMP-C1 cells (3 × 10 5 cells per well) were plated in six-well plates and allowed to attach for overnight. The cells were then exposed to DMSO (control) or PEITC (1, 2.5, or 5 µM), d,l-sulforaphane (10 or 20 µM), allyl isothiocyanate (2.5 or 5 µM), benzyl isothiocyanate (2.5 or 5 µM), diallyl trisulfide (20 or 40 µM), or gluconasturtiin (2.5 or 5 µM) for 24 hours. Concentrations of different agents were selected because of published literature accounting for their growth inhibitory and proapoptotic activities (24, 31, 35) . Conditioned media were prepared by centrifugation at 1300g for 10 minutes at 4°C. Following treatment, cells were washed twice with ice-cold PBS and lysed on ice with a solution containing 50 mM Tris, 1% Triton X-100, 0.1% sodium dodecyl sulfate, 150 mM NaCl, protease inhibitors, and phosphatase inhibitors. The cell lysate was cleared by centrifugation at 14 000g for 15 minutes. Protein concentration was determined with the use of Bradford reagent (Bio-Rad, Hercules, CA). Aliquot containing 50 µg protein was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were transferred onto polyvinylidene fluoride membrane (Perkin Elmer, Boston, MA). After blocking with 5% nonfat dry milk in Tris-buffered saline containing 0.05% Tween-20 (Bio-Rad), the membrane was incubated with clusterin antibody overnight at 4°C. Subsequently, the membrane was incubated with goat secondary antibody, and the immunoreactive protein bands were visualized by the use of the Enhanced Chemiluminescence kit (NEN Life Science Products, Boston, MA) according to the manufacturer's instructions. Each membrane was stripped and reprobed with anti-actin antibody to correct for differences in protein loading. The western blotting experiment was repeated four to five times with independently prepared lysates from two to three different cell treatment experiments.
Statistical Analysis
All P values presented correspond to two-sided hypothesis tests. Statistical analysis for body weight and diet consumption over time was performed by use of a mixed-effects analysis of variance (ANOVA) where PEITC concentrations (0, 1.5, or 3 µmol PEITC/g diet) and duration of treatment (1-19 weeks) were categorical fixed effects, and each mouse was a categorical random effect. The statistical significance for differences in PEITC levels in plasma and prostate was determined by Wilcoxon rank sum test. Statistical significance for differences among the groups in mean vital organ weight, and urogenital and prostate weight was assessed by ANOVA with Dunnett adjustment for multiple comparisons. Statistical significance for differences in the number of TUNELpositive bodies and number of vessels (CD31-positive vessels), and expression of T antigen, Ki-67, LC3, p62, or E-cadherin were determined by the mixed-effects ANOVA with Dunnett adjustment (Dunnett adjustment was not applied for p62). The effect of PEITC administration on the incidence of different histopathologies identified as normal, PIN, WD, or PD was evaluated by mixed-effects logistic regression, for which diet (control vs PEITC-supplemented) was considered a fixed effect (ie, a variable of analytic interest), and mouse and microscopic fields (within mouse) were considered normally distributed random effects. The effect of PEITC administration on the burden (affected area) of different histopathologies was determined by mixed-effects ANOVA with Dunnett adjustment (36) . Percent area (affected area) corresponding to normal gland, PIN, WD, and PD was computed by analysis of 10 randomly selected, non-overlapping, nonnecrotic fields on H&E-stained sections of the dorsolateral prostate of each TRAMP mouse. The number of lung metastases and autophagosomes were analyzed by Poisson ANOVA, which is appropriate for count data. Differences were considered statistically significant at P less than .05. All analyses were performed using SAS v9.2 software (SAS Institute, Cary, NC).
Results
Safety and Tissue Concentrations
Initially, we used nontransgenic littermates (wild-type male mice) to assess the safety of dietary PEITC administration (3 µmol PEITC/g diet for 19 weeks starting at 5 weeks of age). As shown in Figure 1 , A, the PEITC administration did not affect histology of the lateral or dorsal prostate, which are the primary sites of prostate cancer development in the TRAMP model (28, 29) , and considered most similar to the peripheral zone of the human prostate where most carcinomas occur (37) . Diet consumption (results not shown) was comparable for the wild-type mice placed on control and PEITC-supplemented diets. Mice fed the control diet (n = 6) gained more weight over time compared with mice fed the PEITC-supplemented diet (n = 6), but the difference was nonstatistically significant (P = .11) (Figure 1, B) . The histology of the vital organs (liver, lung, kidney, heart, spleen) was normal for the PEITC-fed mice (results not shown). PEITC was detectable in both plasma (mean = 1451 nM, 95% confidence interval [CI] = 696 to 2206 nM) and the prostates (mean = 1138 nmol/kg, 95% CI = 352 to 1925 nmol/kg) of mice fed the 3 µmol PEITC/g diet (n = 3) (Figure 1, C) . As expected, the PEITC concentration was below the lower limit of quantitation in the plasma and prostates of mice fed the control diet (n = 3) (Figure 1, C) .
Effect of Dietary PEITC on Prostate Cancer Development in TRAMP Mice
We next designed experiments to investigate a concentrationeffect relationship for dietary PEITC administration on tumor Figure 1 . Safety and tissue levels of phenethyl isothiocyanate (PEITC) in wild-type (nontransgenic) male mice. A) Representative sections stained with hematoxylin and eosin of dorsal and lateral prostate from wild-type (nontransgenic) male mice fed either control diet or diet supplemented with 3 µmol PEITC/g for 19 weeks. Scale bar = 100 µm. B) Body weights over time of wild-type (nontransgenic) male mice fed control diet or diet supplemented with 3 µmol PEITC/g (n = 6 mice per group). Mean body weights with 95% confidence intervals (error bars) are shown. Statistical significance between control diet group and PEITC-supplemented diet groups was determined by two-sided mixedeffects analysis of variance (P = .11). C) Levels of PEITC in the plasma and prostate of wild-type (nontransgenic) male mice (n = 3 mice per group). P = .10 for both the plasma and the prostate between control and PEITC groups by Wilcoxon rank sum test. PEITC content below the lower limit of quantitation (asterisk). All statistical tests were two-sided. development in TRAMP mice. Five-week-old male TRAMP mice were placed on the control diet or a diet supplemented with 1.5 or 3 µmol PEITC/g for 19 weeks. There was a systematic change in body weight over time in all three groups (Figure 2, A) , but the difference was non-statistically significant (P ≥ .4 by two-sided mixed effects ANOVA). Moreover, the PEITC-supplemented diet was well tolerated by the TRAMP mice and did not result in any toxic effects as evidenced by no change in the weight of vital organs (Supplementary Table 1 , available online). However, a trend of a dose-dependent decrease in mean weights of the urogenital tract and prostate in the mice fed PEITC-supplemented diet compared with control was observed, although the difference did not reach statistical significance (Supplementary Table 1 , available online). Diet consumption was comparable in all three groups (Figure 2, B) .
Representative H&E-stained sections from the dorsolateral prostate of TRAMP mice fed control and PEITC-supplemented diets are shown in Figure 3 , A. The dorsolateral prostate of TRAMP mice revealed the presence of PIN, WD, and PD areas identified by arrows in Figure 3 , A. The incidence of PD was decreased in the mice fed 3 µmol PEITC/g diet group by 62.40% as compared with the mice fed control diet (3 µmol PEITC/g diet vs control diet, mean = 21.65% vs 57.58%, difference = 235.93%, 95% CI = 245.48% to 213.10%, P = .04 by two-sided mixedeffects ANOVA with Dunnett adjustment) (Figure 3, B) . The 5 µmol PEITC/g diet groups, and n =18 for the 3 µmol PEITC/g diet group). *Statistically significantly different (P = .04) compared with control diet group by mixed-effects analysis of variance (ANOVA) with Dunnett adjustment. C) Percent area (affected area) of prostate gland occupied by the normal prostate (normal), PIN, WD, or PD carcinoma (n =19 for the control diet and 1.5 µmol PEITC/g diet groups, and n = 18 for the 3 µmol PEITC/g diet group). Ten random, non-overlapping, and non-necrotic fields from each section were scored by two independent investigators. *Statistically significantly different (P = .03) compared with control by mixed-effects ANOVA with Dunnett adjustment. **Statistically significantly different (P = .02) compared with control by mixed-effects ANOVA with Dunnett adjustment. All statistical tests were two-sided.
histological burden (affected area) associated with PD was statistically significantly lower in the 3 µmol PEITC/g diet group mice compared with the control mice (3 µmol PEITC/g diet vs control diet, mean = 18.53% vs 45.01%, difference = 226.48%, 95% CI = 249.78% to 23.19%, P = .02 by two-sided mixed-effects ANOVA with Dunnett adjustment) (Figure 3, C) . In addition, we observed a trend of an increase in the area occupied by the histological features consistent with WD, PIN, and normal tissue when comparing mice in the control group with those in the 3 µmol PEITC/g diet group (Figure 3, C) . Moreover, the histological burden of normal prostate was statistically significantly higher in the mice fed 3 µmol PEITC/g diet compared with control mice (3 µmol PEITC/g diet vs control diet, mean = 23.75% vs 12.61%, difference = 11.14%, 95% CI = 0.92% to 21.37%, P = .03 by two-sided mixed-effects ANOVA with Dunnett adjustment) (Figure 3, C) . Together, these results indicate that a PEITC-supplemented diet at the 3 µmol dose inhibits the progression to PD, which is a clinically significant finding, because the majority of prostate cancer mortality is associated with advanced disease.
Effect of PEITC Administration on Cell Proliferation
Prostate cancer in TRAMP mice is driven by the prostate epithelial-specific expression of T/t antigen driven by the minimal rat probasin promoter (28) . Initially, we considered a possibility that the PEITC-mediated inhibition of prostate cancer progression was because of suppression of T-antigen expression. As shown in Figure 4 , A, expression of the T antigen was non-statistically significantly decreased by the dietary PEITC administration (3 µmol PEITC/g diet vs control diet, mean = 1156 vs 1268 T antigenpositive cells per field, difference = 2112 T antigen-positive cells per field, 95% CI = 2576.90 to 352.88 T antigen-positive cells per field, P = .81 by two-sided mixed-effects ANOVA with Dunnett adjustment). Because in vitro cellular studies have documented the antiproliferative, proapoptotic, and anti-angiogenic activity of PEITC (20, 21, 23, 27) , we performed immunohistochemical staining for Ki-67 (a well-known proliferation marker), TUNELpositive bodies (a marker of apoptosis), and CD31 (a marker of neoangiogenesis). Cell proliferation, as assayed by Ki-67 expression, in TRAMP mice that were fed a diet supplemented with 3 µmol PEITC/g diet was reduced by 41.11% compared with that in mice that were fed the control diet, but the difference was not statistically significant (3 µmol PEITC/g diet vs control diet, mean = 536.8 vs 911.6 Ki-67-positive cells per field, difference = 2374.8 Ki-67-positive cells per field, 95% CI = 2811.92 to 62.30 Ki-67-positive cells per field, P = .10 by two-sided mixed-effects ANOVA with Dunnett adjustment (Figure 4, B) . In contrast to cellular data (20, 21, 23) , the mean number of TUNEL-positive bodies were comparable in the dorsolateral prostate of TRAMP mice fed 3 µmol PEITC/g diet and control diet (3 µmol PEITC/g diet vs control diet, mean = 111.4 vs 113.3 TUNEL-positive bodies per field, difference = 21.9 TUNEL-positive bodies per field, 95% CI = 240.62 to 36.91 TUNEL-positive bodies per field, P = .99 by two-sided mixed-effects ANOVA with Dunnett adjustment) (Figure 4, C) . In addition, the average number of blood vessels observed in the dorsolateral prostate sections of TRAMP mice did not differ between mice that were fed the control diet and those that were fed the 3 µmol PEITC/g diet (3 µmol PEITC/g diet vs control diet, mean = 34.0 vs 40.79 vessels per field, difference = 26.79 vessels per field, 95% CI = 218.85 to 5.27 vessels per field, P = .34 by two-sided mixed-effects ANOVA with Dunnett adjustment) (Figure 4, D) . However, morphology of the vessels was markedly altered in the sections of TRAMP mice fed the 3 µmol PEITC/g diet compared with mice fed the control diet. Specifically, the vessels appeared to be more rounded and "regular" in shape in the dorsolateral prostate of TRAMP mice fed the 3 µmol PEITC/g diet as opposed to the irregular vessels predominant in the dorsolateral prostate of TRAMP mice fed the control diet (Figure 4, D) . It is important to point out that meandering and irregularly shaped blood vessels are a feature of the tumor vasculature shown to be predictive of prostate cancer progression (38) .
Effect of PEITC Administration on Induction of Autophagy
We have previously shown that PEITC treatment causes autophagic cell death in cultured PC-3 and LNCaP human prostate cancer cells and is characterized by the accumulation of autophagosomes and increased expression of the autophagy regulator LC3 (25) . As shown in Figure 5 , A, we observed a statistically significant increase in the average number of autophagosomes in the dorsolateral prostate of TRAMP mice fed the 3 µmol PEITC/g diet (n = 40) compared with the mice fed the control diet (n = 32) (3 µmol PEITC/g diet vs control diet, mean = 5.75 vs 2.84 autophagosomes per high-power field, difference = 2.91 autophagosomes per high -power field, 95% CI = 2.06 to 3.71 autophagosomes per high -power field, P < .001 by two-sided Poisson ANOVA). We next determined the effect of PEITC administration on the expression of p62 (also known as p62/SQSTM1 or sequestosome 1) because defective autophagy leads to accumulation of this protein (39) . Expression of p62 was lower in the dorsolateral prostate of TRAMP mice fed the 3 µmol PEITC/g diet (n = 5) as compared with the control diet (n = 5) (3 µmol PEITC/g diet vs control diet, mean = 2.12% vs 6.33% p62-positive area, difference = 24.21% p62-positive area, 95% CI = 211.87% to 3.45% p62-positive area), although the difference was non-statistically significant (P = .24 by two-sided mixed-effects ANOVA) because of large variability ( Figure 5, B) . Dorsolateral prostate from TRAMP mice fed the 3 µmol PEITC/g diet (n = 18) exhibited a statistically significant increase in expression of LC3 protein compared with control group (n = 19) (3 µmol PEITC/g diet vs control diet, mean = 23.36% vs 5.36% LC3-positive area, difference = 18.0% LC3-positive area, 95% CI = 10.39% to 25.61% LC3-positive area, P < .001 by mixed-effects ANOVA with Dunnett adjustment) ( Figure 5, C) . Western blotting of tissue lysates from the dorsolateral prostate of TRAMP mice also revealed an increase in the expression of total as well as cleaved 16-kDa LC3 (results not shown). Together, these results provided in vivo evidence for PEITC-induced autophagy in the dorsolateral prostate of TRAMP mice.
Effect of PEITC Administration on E-cadherin Expression
E-cadherin is considered a suppressor of invasion and growth in many epithelial cancers (40) . Expression of E-cadherin was statistically significantly higher in the dorsolateral prostate of TRAMP mice fed 3 µmol PEITC/g diet (n = 18) compared with mice fed control diet (n = 18) (3 µmol PEITC/g diet vs control diet, mean = 31.45% vs 18.21% E-cadherin-positive area, difference = 13.24% E-cadherin-positive area, 95% CI = 3.02% to 23 .46% E-cadherin-positive area, P = .009 by two-sided mixed-effects ANOVA with Dunnett adjustment) (Figure 6, A) .
Effect of PEITC Administration on Lung Metastasis
Because PEITC administration resulted in induction of E-cadherin expression ( Figure 6 , A), we proceeded to score incidence of pulmonary metastasis and number of lung metastasis per mouse (multiplicity) in mice fed either the control diet or 3 µmol PEITC/g diet. Figure 6 , B shows representative H&E-stained lung sections from mice fed control or 3 µmol PEITC/g diet. Overall incidence of pulmonary metastasis did not differ between the control and PEITC groups (data not shown). The number of lung metastasis per mouse in the mice fed the 3 µmol PEITC/g diet (n = 21) was 38.37% lower than that in mice fed the control diet (n = 20) (3 µmol PEITC/g diet vs control diet, mean = 1.14 vs 1.85 lung metastasis per mouse, difference = 20.71 lung metastasis per mouse, 95% CI = 22.0 to 0.42 lung metastasis per mouse, P = .07 by two-sided Poisson ANOVA) (Figure 6, B) . In addition, the area occupied by the pulmonary metastasis was generally smaller in the prostates of the TRAMP mice fed the 3 µmol PEITC/g diet compared with those of mice fed the control diet, reflected by an approximate 60% reduction in the mean pulmonary metastasis area Immunohistochemical analysis for A) T antigen expression (n = 19 for control and n = 18 for PEITC; P = .81), B) Ki-67 expression (marker of cellular proliferation, n = 19 for control and n = 18 for PEITC; P = .10), C) terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)-positive bodies (n = 19 for control and n = 18 for PEITC; P = .99), and D) number of vessels (CD31 positive) (n = 19 for control and n = 18 for PEITC; P = .34) in the dorsolateral prostate of mice fed control diet or 3 µmol PEITC/g diet (×200 magnification, scale bar = 100 µm). Mean positive cells per field (T antigen and Ki-67), mean TUNELpositive bodies per field, mean number of vessels per field, and corresponding 95% confidence intervals (error bars) are shown. P values were calculated by using two-sided mixed-effects analysis of variance with Dunnett adjustment.
(data not shown). Despite the lack of statistical significance for difference in number of lung metastasis per mouse, E-cadherin may be a viable marker for the assessment of biological response in the prostate to PEITC administration in future clinical trials.
Plasma Proteomics
Using a plasma proteomics approach, we set out to identify measurable biomarkers of PEITC response potentially useful in future clinical trials. Plasma samples from TRAMP mice fed the control or 3 µmol PEITC/g diet (n = 3), matched by prostate weight, were analyzed by two-dimensional gel electrophoresis to identify differentially expressed proteins. Several non-abundant proteins were identified to be differentially expressed in the plasma of control and PEITC-fed mice ( Table 1) . One of the proteins affected by PEITC treatment was identified to be clusterin. These initial results were confirmed by ELISA, which revealed a statistically significant decrease in clusterin in the plasma of TRAMP mice fed 3 µmol PEITC/g diet (n = 8) compared with mice fed control diet Figure 6 . Effect of phenethyl isothiocyanate (PEITC) administration on E-cadherin expression in the dorsolateral prostate and lung metastasis in mice transgenic for prostate adenocarcinoma. A) E-cadherin expression (×200 magnification). The bar graph represents mean percent positive area with 95% confidence intervals (n = 18 for both groups). Scale bar = 100 µm. *P = .009 (mixed-effects analysis of variance [ANOVA] with Dunnett adjustment). B) Representative sections stained with hematoxylin and eosin (H&E) depicting lung metastasis (arrows) in a representative mouse fed control diet or 3 µmol PEITC/g diet (×100 magnification). Bar graph depicts mean number of lung metastasis per mouse with 95% confidence intervals (error bars) (n = 20 for mice fed the control diet and n = 21 for mice fed the 3 µmol PEITC/g diet). Scale bar = 100 µm. P = .07 (Poisson ANOVA). All statistical tests were two-sided. The bar graph represents mean number of autophagosomes per field with 95% confidence intervals (error bars) (n = 32 fields from tissues of two mice fed the control diet and n = 40 fields from tissues of three mice fed the 3 µmol PEITC/g diet). Scale bar = 1 µm. *P < .001 (Poisson analysis of variance [ANOVA]). B) p62 expression (×200 magnification). The bar graph represents mean percent positive area with 95% confidence intervals (n = 5 for both groups). Scale bar = 100 µm. P = .24 (mixed-effects ANOVA). C) LC3 expression (×200 magnification). The bar graph represents mean percent positive area and 95% confidence intervals (error bars; n = 19 for mice fed the control diet, and n = 18 for mice fed the 3 µmol PEITC/g diet).
Scale bar = 100 µm. *P < .001 (mixed-effects ANOVA with Dunnett adjustment). All statistical tests were two-sided.
(n = 7) (3 µmol PEITC/g diet vs control diet, mean = 223.0 vs 851.9 ng/mg protein, difference = 2628.9 ng/mg protein, 95% CI = 21161.81 to 295.82 ng/mg protein, P = .02 by two-sided mixed-effects ANOVA (Figure 7, A) . Next, to determine the effect of PEITC treatment on both the intracellular and secreted forms of clusterin, a TRAMP tumor-derived cell line (TRAMP-C1) was * Plasma specimens were from mice fed either control diet or 3 µmol PEITC/g diet (n = 3 mice per group). † All P values were calculated by a two-sided Student t test. studied. As shown in Figure 7 , B, PEITC treatment resulted in a concentration-dependent decrease in clusterin protein levels in the lysates and conditioned media of TRAMP-C1 cells in vitro. Next, we determined if clusterin suppression was specific for PEITC treatment or if clusterin suppression was a result of treatment with isothiocyanates in general. A series of compounds that include a thioalkyl-isothiocyanate (d,l-sulforaphane), an aromatic isothiocyanate with close structural similarity to PEITC (benzyl isothiocyanate), a non-aromatic isothiocyanate (allyl isothiocyanate), a non-isothiocyanate compound (diallyl trisulfide), and glucosinolate precursor of PEITC (gluconasturtiin) were tested for their ability to suppress clusterin in TRAMP-C1 cells. Western blotting of conditioned media and cell lysates from TRAMP-C1 cells treated for 24 hours with these compounds revealed differential effects on intracellular vs secreted levels of clusterin by different compounds. For example, as opposed to 5 µM PEITC which statistically significantly reduced clusterin levels in both cell lysate and conditioned media (Figure 7, B) , 5 µM allyl isothiocyanate treatment (n = 5) did non-statistically significantly reduce intracellular clusterin (5 µM allyl isothiocyanate vs control, mean = 0.12 AU, 95% CI = 0.06 to 0.18 AU vs mean = 0.11 AU, 95% CI = 0.11 to 0.11 AU, P = .62 by two-sided Student t test) or clusterin in the conditioned media (5 µM allyl isothiocyanate vs control, mean = 0.09 AU, 95% CI = 0.03 to 0.16 AU vs mean = 0.14 AU, 95% CI = 0.14 to 0.15 AU, P = .09 by two-sided Student t test) compared with control (n = 5) (Figure 7 , C, bar graph). Similarly, treatment (24 hours) with the PEITC precursor gluconasturtiin (n = 5) resulted in a statistically significant suppression of clusterin only in the conditioned media at 2.5 µM dose (2.5 µM gluconasturtiin vs control, mean = 0.08 AU, 95% CI = 0.04 to 0.11 AU vs mean = 0.14 AU, 95% CI = 0.14 to 0.15 AU, P = .01 by two-sided Student t test) as well as 5 µM dose (5 µM gluconasturtiin vs control, mean = 0.06 AU, 95% CI = 0.03 to 0.10 AU vs mean = 0.14 AU, 95% CI = 0.14 to 0.15 AU, P = .005 by two-sided Student t test) compared with the control (n = 5) (Figure 7, C) . Suppression of clusterin secretion was not unique to isothiocyanate-type compounds because statistically significant suppression of intracellular and secreted clusterin was observed following treatment with 40 µM diallyl trisulfide, which also is an effective inhibitor of prostate cancer development in the TRAMP model (30) . Nonetheless, these data indicate that clusterin may be a viable biomarker of PEITC response in future clinical trials.
Discussion
This study demonstrates that dietary PEITC administration is well tolerated in mice, and results in appreciable levels of bioreactive PEITC in the plasma and prostate gland. We also found that male TRAMP mice that were fed a diet supplemented with 3 µmol PEITC/g have a statistically significant decrease in incidence as well as burden (affected area) of PD, which is not because of suppression of T antigen expression.
We found that administration of 3 µmol PEITC/g diet statistically significantly inhibits the incidence as well as burden of PD in the TRAMP model. The 3 µmol dose equates to intake of 8.34 µmol PEITC/mouse/d based on average diet intake of 2.78 g/ mouse/d for the mice of this group (Figure 2, B) . The PEITC concentrations used in this study are within the range that can be generated by dietary intake of cruciferous vegetables. As reviewed by Hecht (11) , glucosinolate content in edible cruciferous vegetables ranges from 0.5 to 3 mg/g and one serving of one ounce watercress is estimated to result in intake of about 37 µmol of PEITC (11) .
Suppression of prostate cancer development in TRAMP mice has been demonstrated by us previously with d,l-sulforaphane (31), which is a thioalkyl isothiocyanate compound. Oral gavage with 6 µmol d,l-sulforaphane (3 times per week) inhibits prostate cancer development in TRAMP mice at the PIN and WD stages in association with increased natural killer cell lytic activity (31) . The lytic activity of natural killer cells is not increased in PEITCfed TRAMP mice (A. A. Powolny and S. V. Singh, unpublished observations). These observations underscore critical mechanistic differences in seemingly closely-related compounds. Furthermore, a combination chemoprevention regimen involving d,l-sulforaphane and PEITC may lead to greater chemopreventative activity against prostate cancer development than that observed with the single agents because of their ability to target different stages of the disease as observed in the TRAMP model. Experimental validation of this hypothesis is one of our priorities in future investigations.
The TRAMP model shares many features of human prostate cancer progression, including metastasis to distant sites, progression to androgen independence, and neuroendocrine differentiation (41) . The number of neuroendocrine cells in castration-resistant human prostate cancer biopsies is associated with stage, Gleason Grade, and overall survival (42) . We found that the fraction of synaptophysin-expressing neuroendocrine cells was not affected by PEITC administration (A. A. Powolny and S. V. Singh, unpublished observations).
Another objective of this study was to determine whether the mechanisms responsible for the anticancer effect of PEITC treatment in cultured human prostate cancer cells are also functional in vivo. Apoptosis induction is readily observed in cultured cancer cells, including TRAMP tumor-derived prostate cancer cell lines, after exposure to PEITC (20, 21, 23) . However, the PEITC administration fails to elicit a proapoptotic response in vivo in the prostatic tissues of TRAMP mice. Several possibilities exist to explain discrepancies in the results between PEITC studies in cultured human and mouse prostate cancer cell lines and the TRAMP mouse. One such possibility relates to the dose of PEITC administration; a more intensive dosing regimen may be required to elicit a proapoptotic response in vivo. It is also conceivable that, in contrast to cultured cells, the PEITC administration simultaneously provokes certain antiapoptotic mechanisms in vivo (eg, induction of prosurvival pathways, increased expression of inhibitor of apoptosis proteins, etc.) to counteract apoptosis. Additional studies are needed to systematically explore these hypotheses.
This study reveals that PEITC administration regularizes vessel morphology in the tumor without having any statistically significant effect on neoangiogenesis. Mechanisms regulating vasculature morphology are not well understood, but we have previously shown that PEITC treatment reduces the secretion of vascular endothelial growth factor (VEGF) and reduces protein levels of VEGF receptor 2 (VEGF-R2) in human umbilical vein endothelial cells (27) . The VEGF/VEGF-R2 signaling axis is one of the key regulators of neoangiogenesis in tumors by the induction of endothelial cell proliferation, increased blood vessel leakiness, and inhibition of pericyte activation and blood vessel maturation (43) . A study of neoangiogenesis and the role of the VEGF/VEGF-R2 pathway in a human skin cancer cell line (A-5RT3) transplanted onto the dorsal muscle fascia of nude mice indicated that inhibition of VEGF-R2 by a selective antibody results in suppression of neoangiogenesis and regression of the pre-existing vessels, in association with reduced proliferation of the endothelial cells (44) . Moreover, mice treated with the selective anti-VEGF-R2 antibody exhibited normal blood vessel morphology with endothelial cells displaying normal intracellular junctions, complete coverage of pericytes, and a continuous basement membrane (44) . These observations imply that inhibition of VEGF-R2 signaling can alter the morphology of the blood vessels in a tumor to resemble that of a normal blood vessel. Therefore, restoration of tumor vessel morphology in response to PEITC treatment may be partially mediated by suppression of the VEGF/ VEGF-R2 signaling axis. Additional studies investigating the relationship between PEITC and the VEGF/VEGF-R2 pathway in vivo should be done.
The anticancer effect of PEITC against cultured human prostate cancer cells is associated with Atg5-dependent autophagy in vitro (25) . PEITC-mediated cell death in human prostate cancer cell lines is statistically significantly decreased after pharmacological or genetic suppression of autophagy (25) , indicating that, unlike certain other anticancer agents including d,l-sulforaphane (45, 46) , autophagy is not a protective mechanism against apoptosis in prostate cancer cells after treatment with PEITC. This study shows that PEITC mediates autophagy in the TRAMP mouse characterized by the enrichment of autophagosomes and increased expression and processing (cleavage) of LC3. We investigated the effects of PEITC treatment on the p62 protein because of the following: studies have shown that p62 interacts directly with LC3 (47, 48) ; p62 accumulates in mouse models of defective autophagy (49) ; p62 contributes to the sustained activation of NF-E2-related factor 2 (Nrf2) by creating a positive feedback loop through direct interaction with Keap1 (50-52); and p62 overexpression correlates with an aggressive phenotype in tumors of the breast and prostate (53) (54) (55) . To determine the effect of the PEITC treatment on p62 status, immunohistochemical analysis for p62 protein expression revealed a non-statistically significant decrease (P = .24) in the expression of p62 in the prostate tumors of TRAMP mice fed a PEITC-supplemented diet compared with mice fed the control diet. These markers of autophagy may also serve as endpoints to assess biological activity of PEITC in future clinical investigations.
E-cadherin plays an important role in normal physiological processes including development, cell polarity, and tissue morphology (56) . E-cadherin is considered a tumor suppressor because of its role in inhibition of epithelial to mesenchymal transition (57) . E-cadherin is frequently downregulated during cancer progression and is associated with poor prognosis (58) . This study reveals that dietary PEITC administration causes a statistically significant increase (P = .009) in expression of E-cadherin in the dorsolateral prostate of TRAMP mice. Thus, it is reasonable to conclude that E-cadherin overexpression contributes to the chemopreventative activity induced by dietary PEITC administration in the TRAMP mouse. A non-statistically significant (P = .07) yet marked decrease in number of lung metastasis per mouse provides further evidence to support this hypothesis. Future studies are needed to elucidate the mechanism of PEITC-mediated induction of E-cadherin protein expression and to test if PEITC treatment inhibits epithelial to mesenchymal transition in preclinical models of prostate cancer.
Our data also showed that the levels of several plasma proteins, including clusterin, were changed after PEITC administration in TRAMP mice. Clusterin (also known as apolipoprotein J and testosterone-repressed prostate message-2) is a highly conserved protein expressed in a variety of tissues, secreted in blood, and involved in regulation of apoptosis, cell adhesion, cell cycle regulation, and DNA repair (59, 60) . Increased levels of clusterin have been reported in several malignancies, including breast, colon, lung, and prostate cancers (59) . Furthermore, increased clusterin levels were previously shown to be associated with a higher Gleason score in prostate cancer patients (60) . However, a recent study argues that clusterin may act as a prostate tumor suppressor based on results in clusterin knockout mice and clusterin knockout mice crossed with TRAMP (C57BL/6J background) mice (61) . Clusterin knockout mice exhibit transformation of the prostate epithelium and crossing of clusterin knockout mice with TRAMP mice results in increased metastatic spread (61) . However, these studies did not differentiate between the two forms of clusterinsecreted, glycosylated clusterin, and nonglycosylated clusterin that is localized to the nucleus and mitochondria (59) . Secreted clusterin has a prosurvival function, whereas the nuclear-and mitochondria-localized form of clusterin exhibits pro-apoptotic effects. It has been postulated that tumor cells are able to switch clusterin expression from nuclear and mitochondrial clusterin to secreted clusterin (59) . Despite the conflicting reports of the role of clusterin in prostate cancer development, our study suggests that clusterin found in the plasma may serve as a useful biomarker to assess the biological effect(s) of PEITC.
Our study has some limitations. We used a transgenic mouse model of prostate cancer to demonstrate the chemopreventative efficacy of PEITC treatment. Because mouse models do not stringently recapitulate human disease progression, the results of PEITC treatment as a chemopreventative strategy may be different in humans. It is unclear if prevention of human prostate cancer is feasible with dietary intervention with PEITC-enriched cruciferous vegetables (eg, watercress) or if a pharmacological approach with pure PEITC may be necessary for optimal activity. Nonetheless, our study indicates that dietary PEITC administration inhibits progression to PD in TRAMP mice without any measurable side effects. We also show that PEITC-mediated inhibition of prostate cancer progression is associated with increased expression of markers of autophagy, increased expression of tumor suppressor E-cadherin, and suppression of plasma clusterin levels.
